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The coordinate transformations which establish the direct relationship between the actions of linear and non- 
linear realizations of supermembranes are proposed. It is shown that the Rocek-Tseytlin constraint known in the 
framework of the linear realization of the theory is simply equivalent to a limit of a "pure" nonlinear realization 
in which the field describing the massive mode of the supermembrane puts to zero. 



1. Introduction 

One of the well-known examples of theory with 
partially broken global supersymmetry (PBGS) 
is the N = 1, D = 4 supermembrane which can 
be derived either from the nonlinear realization 
(NR) of global N = 2, D = 3 supersymmetry par- 
tially broken down to N = 1, D = 3 or entirely 
from a corresponding linear realization (LR) of 
this supersymmetry [jjj. The first approach is 
more transparent. It gives the manifestly covari- 
ant description of the action in terms of vacuum 
Goldstone excitations associated with the gener- 
ators of the spontaneously broken symmetries. 
The second one is more simple but less trans- 
parent due to the presence of a bit skillful nilpo- 
tency constraints suppressing the massive degree 
of freedom of the supermembrane [0. In Gen- 
eral these two approaches use different Goldstone 
superfields and by now there is absent a mani- 
festly covariant procedure establishing the direct 
relation between them. 

Here we would like to propose a new approach 
which establishes the one to one correspondence 
between the quantities of linear and nonlinear re- 
alizations of theory. The latter is based on a spe- 
cial kind of superembedding of a complex super- 
space C 3 ' 2 into a superspace C 4 ' 2 in which the 
third spatial coordinate is identified with a Gold- 
stone superfield associated with a central charge. 
The action of the supermembrane appears as a 
consequence of a nilpotency constraint pi im- 



posed on the real part of the Goldstone superfield. 
Note that because of this constraint the massive 
mode of the supermembrane does not contribute 
into the action. We show that from the geomet- 
rical point of view it corresponds to a limit of a 
pure nonlinear realization in which the masses 
of all the massive modes of theory tend to infinity. 

2. PBGS in complex superspace 

It was shown in Jl],[| that the action of the 
N = 1, D = 4 supermembrane can be consid- 
ered as the effective action of the superfield theory 
with partial breaking global N = 2, D = 3 super- 
symmetry. This approach is based on the geomet- 
rical ideas of Refs. PI^Pl where the standard 
method of the NR of supersymmetry in super- 
space were used. In this section we are going to 
reproduce the basic entities of this approach pro- 
ceeding from the another prescription based on 
the ideas of supergravity p^,p|,^5|,p[ . 

2.1. Linear realization 

Let us shortly consider the linear realization of 
the N — 2, D — 3 supersymmetry in the real 
superspace R 3 ' 4 



a/3 



(eV + + a «-» 0), (1) 

0J°" =0J a + £ a , 
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where a, [3 are the spinor indices of the Lorentz 
group SL(2, R). This superspace can be regarded 
as the real subspace of the complex superspace 
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C 3|2 



a/3 



(2) 



V2 



(T a +itO a ), 



where the original supergroup is realized as fol- 
lows 



(3) 



To provide the partial breaking of this supersym- 
metry let us consider the model of superembed- 
ding of the original superspace C 3 ' 2 into an ex- 
tended complex superspace C 4 ' 2 with an addi- 
tional bosonic coordinate q 



q' = g-~(e?0a-e?0«), 



(4) 



9l 



qL -e c 



<iL = q--xt 



2 c ^ * 2 

Eq.(||) together with (||) describes the transfor- 
mations of N = 2, D = 3 supersymmetry with a 
central charge Z and the following generators of 
supertranslations 

O 9 i f) 9 1 7 _ a 1 r, 

dr a 2 da;"' 3 2 2 



<9 



(9 



1 



1 



(5) 



To avoid the presence of the redundant coordinate 
q in the theory we impose the following superem- 
bedding condition 



qL = i£ 1 4>{x L ,6). 



(6) 



It deserves mentioning that in accordance with 
the definition (^|) the superfield 4>(xl,0) trans- 
formes inhomogeneously with respect to the 
transformations (0) 



(x L ,6)+i^e a +^£%e ca . (7) 



Therefore (Q) can be assumed to be a Goldstone 
superfield of N = 2, D = 3 supersymmetry. To 
justify this assumption it is instructive to notice 
that the real and imaginary parts of the superfield 
4>{xl,0) = Re^i(a;,r, u>) + ilm(pz J (x, r, ui) satisfy 
the chirality conditions 

D^Refa = D^hmcf> L , 

D^Refa = -D^lmfa, (8) 

D« = — 

£>(«) " 
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duj a ' 2~ dx a P' 
This means that if we introduce the shifted su- 
perfield 

<f>t(x,T,u;) = 4>l&t,uj) - |(r 2 +to 2 ), (9) 

which transforms as the real variable q 

4(z',rV) = fa(x,T,w) - |(e a w a -£ a r a ) (10) 

and on which the central charge generator Z is 
realized as 

z^ = -t (z^ = o, (ii) 

we reveal that its real and imaginary parts would 
satisfy the same chirality conditions as the origi- 
nal superfield does but with the modified spinor 
derivatives of the extended supersymmetry 

D { a T) = + ±to a Z, £>M = DM - \r a Z.(\2) 

Thus the superfield (j>^ is also chiral (but in con- 
trast to (f>L,) with respect to the extended super- 
symmetry. Another very important feature of 
the superfield 0£ is that its real part possesses 
the homogeneous transformation law under the 
both of supersymmetries. The careful analysis 
shows that ^ indeed insures the partial break- 
ing of N — 2, D — 3 supersymmetry and one of 
its spinor N = 1 components describes the Gold- 
stone excitations of the 4D supermembrane as- 
sociated with Q-supertranslations. Let us write 
down the Grassmann decomposition of the origi- 
nal chiral superfield M) 



Recf) L = A + iuj a K a - ^ 2 F, 
Im0 L = B + iuj a Z a - -^G. 



(13) 
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Substituting (jl^) into the chirality conditions (||) 
and solving them one gets 

Re0 L = A — u a D^B + ~cj 2 D^ a D^A, (14) 

lm<jy L = B + uj a D^A + ^u 2 D^ a D^B. 

This leads to the following solution for the N = 1 
components of the shifted superfield 

Re<^ = A - ^t 2 - uo a D^B 

+^ 2 H + i}W«flMyl), (15) 

Im^ = B + w a D^A + h J j 2 D^ a D^B. 

It is not hard to verify that the superfield A Q = 
iDa^ B transforms inhomogeneously under the 
second supersymmetry (S = —£, a Q a ) 

SA a = tt a + ^D^D^A^ ~ \ed aP A^ 



Ap = A — %-t 2 , 



(16) 



because of the transformation law of the Gold- 
stone superfield B associated with the central 
charge 



5B = -i£-£ a D^A i :. 



(17) 



Thus we conclude that the superfields A a and B 
actually represent the Goldstone excitations of a 
theory with partially broken N — 2, D = 3 su- 
persymmetry. 

Now we can directly follow the prescriptions of 
Ref. Pj and impose the covariant constraint 



(Re<^) 2 = 0, 



(18) 



which allows one to eliminate the massive mode 
of supermembrane A in terms of the Goldstone 
superfield A Q 



At = A- -fr 2 = 



-iA 2 



(19) 



This equation coincides with that obtained in |Q . 
The difference is in the method of its derivation. 
In our approach it was obtained in the frame of 



the linear realization of supersymmetry after im- 
posing the nilpotency constraint (|l8|), while in 
|Q] the starting point was the nonlinear realiza- 
tion and the constraint ( |l8| ) was not exploited 
at all. The reason of this discrepancy is that in 
the NR method of PBGS the massive mode of 
the supermembrane and the corresponding Gold- 
stone superfield are transformed independently 
with respect to both supersymmetries. More- 
over there always exists the possibility of avoid- 
ing the massive mode of the supermembrane by 
the putting to zero the corresponding N = 1 su- 
perfield without violating the covariant properties 
of the N = 2 chiral superfield composed of this 
mode and the related Goldstone superfield. Fur- 
ther we shall prove that both of these approaches 
are canonically equivalent to each other. More 
precisely, it will be shown that there exists the 
change of the coordinates involved which trans- 
forms the superfield action in the LR method of 
the AD supermembrane 



S = 



i J d 3 xd 2 TA i (x, 



d 3 xd 2 Td 2 ujU! 2 Recj) i , 



(20) 



into the related action of the NR method and 
vice versa if the constraint ( |l8| ) is replaced by the 
equivalent manifestly covariant constraint of the 
"pure" NR formulation 

2.2. Unusual form of the nonlinear realiza- 
tion 

We have already seen that the chiral superspace 
C 3 ' 2 is the most suitable basis for describing mod- 
els with partial breaking of N = 2, D = 3 su- 
persymmetry. It seems therefore naturally to in- 
troduce the Goldstone superfields of the underly- 
ing nonlinear realization ipa(x,f) and Q(x,f) di- 
rectly in this basis. This is a very essential point 
of our approach because following the chirality 
principle we are forced to begin with transforma- 
tions of a little bit unusual form 

~xf = xf - \{e<*¥ + ^(x L ,6) +a <-> 0), 

^ a '(x L ',9')=i> a (x L ,9)+C- (21) 
§°" = 9 a +e a , 
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Note that instead original form jjj of the non- 
linear realization, which is compatible with the 
transformations of the coordinates in real su- 
perspace (Q), this one is based on the nonlin- 
ear transformations of the Goldstone superfields 
tp a (x,f) and Q(x,f) in the complex superspace 
C 3 ' 2 = {x,f}. Below we will see that although 
this form of the nonlinear realization looks quite 
unusual at first glance it is equivalent to the ordi- 
nary one and transforms into it upon the canon- 
ical redefinition of coordinates. But let us first 
consider some unconventional properties of this 
nonlinear realization. It is quite easy to check 
that the superfunctions 



~af3 
X L 



^(e a ^(x L ,§) 



Y?(x L ,9) = -j=(e a + iip a (x L ,9)). 



(22) 



are transformed under ( |2l| ) as the coordinates of 
the superspace C 3 ' 2 in eq. (§). Therefore we can 
suggest the transformations 



a/3 _ v a(3,~ 



= Y?(x L ,t 



(23) 



which establish the map C 3 ' 2 => C 3 ! 2 . Our next 
step resembles the geometrical approach to su- 
pergravity by Ogievetsky and Sokatchev ||. We 
consider the embedding of a real superspace R 3 ' 4 
into the complex one C 3 ' 2 . This embedding as we 
know is described by the relation (Q). If we take 
into account the coordinate transformations (|22|) 
and ( p3| ) we find a new nontrivial axial- vector ob- 
ject 



~a(3 



x 01 * 3 + H a < 3 {x,T,u) 



(24) 



which provides a suitable map R 3 ' 4 =>■ R 3 ' 4 . Note 
that in accordance wit h (|2l| ) the real spinor vari- 
able ui a entering eqs. (|24|) as the imaginary part 
of the complex spinor a does not transform at all 
with respect to both supersymmetries. This fact 
reflects the idea of spontaneous breaking of global 
supersymmetry in its pure geometrical form. The 
explicit form of the supcrficld H a/3 (x, f , uj) as 
well as the expressions of the "old" real variables 
{x, t, uj} through the "new" ones {x , f , uj} can be 
read out straightforwardly from the Eqs. (0), (|25 



and (|23j). Here we shall only present the final re- 
sults of these calculations 



x a P = x af3 + ~ (oj a ^ + f a (ui p V p ^ (26) 

■ ~ 2 

+ yjyf^) + a «-> p) , (27) 

■ ~ 9 

1UJ 

T a =r a - CoPV p ^ a - —VP^V pa ^ a , (28) 



(29) 



$ a (x,f,Q) = 1> a (x,f) + —V 2 ^{x,t), (30) 
where 

V„ v = T-W&af,, (31) 
V 2 = V^Vp — (J)P(TT~ l Yp)dp V 



dx a P' 



df a 2 dx a P' 



+ + (32) 

are the vielbein and covariant derivatives of the 
N = 2, D = 3 NR obtained in Q. Thus we see 
that the intrinsic geometry of the N = 2, D = 3 
PBGS theory is closely related to the axial vec- 
tor prepotential H a ^(x, f, uj) which involves all 
the basic ingredients of the corresponding NR 
method. It deserves mentioning that this exam- 
ple is a generalization of the geometrical approach 
to supergravity proposed in Q for the models 
with completely broken local supersymmetries. 
It was shown that in these cases the transition to 
the complex superspace also gives the nontrivial 
axial- vector prepotential which contains in its flat 
limit the covariant objects of the Volkov-Akulov 
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nonlinear realization |4|]. It is naturally to as- 
sume, that eq.(p5|) describes the flat limit of the 
prepotential related to N = 2, D = 3 supergrav- 
ity with partially broken local supersymmetry. 
We are not ready to consider this problem here 
to full extent as it raise questions which go be- 
yond the framework of this report, and will pro- 
ceed with the discussion of the superbrane theory 
with rigid worldvolume supersymmetry. 

2.3. Connection with the usual form 

Let us note that the restriction of the map 
C 3|2 ^ q3|2 Qnt0 the real superspace @ 

leads to the following unconventional form of the 
NR 



Cj al = Co a , (33) 



4>°"(x', f, uj') = $ a (x ,f, u) + C Q - 

This form, however, is replaced by the usual 
one 



-a/3/ = £ a(3 _ jy,*/? + f) + , 



V- tt '(i',f') = v a (£,r) + e, 

upon a redefinition of the coordinates 
z = {x, f, u} => z = {x, f , Co} 



(34) 



(35) 



To get the explicit form of the transformations 
35[) one should change the variables as follows 



P <*/9 



L> a ipP(x,t) +a <-> /3], 

= ^ + v Q (i,f), 



(36) 



which provides the usual form of the nonlinear 
realization (34) [j, and then inverting the trans- 
formations (36) 



„«/3 



(37) 



3 One can check that when applied to the r.h.s. of the 
Eqs. (^) the transformations (34j) imply the ordinary 
transformation laws of the variables {x, t, lu}. 



by substituting into ( |36| ) the superfunctions (|26|) , 
(P^), (p9) instead of the variables z = {x,t, w}. 

3. The limit of pure nonlinear realization 

Now we are in a position to consider in more 
detail the condition (|l8|). We have already men- 
tioned that this requirement can be treated as the 
condition of transition to the pure version of the 
NR. What does it mean from the physical point 
of view? Here we are going to get the transpar- 
ent answer to this question using the standard 
technic based on the map of the variables in su- 
perspace @,|| which establishes the connection 
between linear and nonlinear realizations. 

3.1. Quasilinear scalar supermultiplet 

Let us, as in the LR method (see Eq s.([lj ) and 
(p~C|) ) supply the nonlinear realizations (|34|) with 
the Goldstone superfield associated with the cen- 
tral charge 



bUx',r',u>') 



<^(X,T,U>) 



|( £ Q ^ Q (x,r)-r^)- (38) 

From this equation it is quite easy to see that 
the superfield <^(x,r, Co) — (£/2)r a o) Q has the 
same transformation law as the LR superfield 
<P^(x,t,uj) and therefore can be identified with 
the former 



fe(x,T,w) = <f> e (x,T,Ul) - -T a U) 



(39) 



<Mx,T,w) 



Thus, after performing the change of the variables 
( |3rj ) in the LR superfields (||) one gets 

4> L {x,T,Cj) + —Lb a i} a {x,T) 

- ir^ + l^ (40) 

here the chiral superfield of the NR is introduced 

if 

<f) L {x, r, to) = ? (x, r, lu) + ^(r 2 + ^ 2 {x, r)). (41) 



G 



Eqs. @ and @ together with © estab- 
lish the required interrelations between the su- 
perfields of linear and nonlinear realizations de- 
scribing the 4D supermembrane. Recall, how- 
ever, that when deriving these relations we intro- 
duced an additional superfield ^ a (x,r), which is 
a new independent superfield unless it is canon- 
ically related to the analogous Goldstone super- 
field of the LR method A (x,t). To avoid the 
doubling of the Goldstone degrees of freedom in 
our approach let us study the transformation laws 
of the real and imaginary parts of the superfield 
As it follows from the eq.(|39|) its real part 
does not transform at all because of the relation 



Re</>£ (x, t, uj) =Re<^f(a;,T, &) 



(42) 



and the transformations (|To|) . Hence, all the N = 
1-components in the ^-decomposition 



Re^ = i-^(r 2 +^ 2 )+^ Q A Q + ^ 2 ^, (43) 



i 

4 V . T , ■ - ■ 4 

which follows from the Eq.(^ll) and the corre- 
sponding decompositions of chiral superfield 



(44) 



Re</> L = A + iili a A a - ^ 2 F, 

Im^L = B + iuj a ± a - ^ 2 G, 

are transformed independently of each other. 
This allows one to put any of them equal to zero 
without the violation of the covariant properties 
of the theory. For instance, one can check that 
the constraint 



A Q =0 



(45) 



makes equal the number of the Goldstone degrees 
of freedom in the two sides of the eq. (|3|). To 
see this let us substitute the eq. ( |40| ) into the 
chirality condition (||) . Using the transformations 
of the vector and spinor covariant derivatives 

D ( a T) = V a + l -{CjPV a ^ + p^a)d pa 

- V a Vdf\ (46) 

d a p = x- l /°{v prT -v p(7 ^df\ 

- q(&) + tofiQ r d {C)) - — 



where D a and 2? Q /3 are defined in ©, (f§), 
and taking into account eqs. (HJ) one can solve 
the constraints (||) in terms of fields of the NR 
method. The final form of the solutions is rather 
complicated but it is significantly simplified when 
the restriction ([|5]) together with the covariant 
constraint 



i^i-^(r 2 +^) = 0, 



(47) 



are imposed. In this case we arrive at the follow- 
ing form of the quasilincar chiral superfield of the 
NR 



Re^^(T 2 +^) + $i 2 



f 



2 1 + \V a ^V a ^ p ' 



Im^L = B 



—UJ — 

4 1 



(48) 



Note that in eqs. ( f48| ) superfields ip a and B are 
not independent but express through the scalar 
Goldstone superfield Q 

4> a = ir^aQ, B = Q + |t%, (49) 

associated with the central charge in the NR Q]. 
This superfield is canonically equivalent to the 
superfield B of LR owing to the Eqs.© and @. 
For instance putting the first of them onto the 
surface x a @ = x a/3 , w° = ip a one obtains 



A = A + ii>k a + -t/j 2 D Ta D T a A, 



(50) 



where A and A are defined in (|47]) and ( |l9| ) . One 
can checks that the equation ( |50| ) has the follow- 
ing well-known solution 



M 



A" 



\B ra D r a M'' 
A 2 



(51) 



i + + Z3 TQ -DJ A 2 



Substituting this solution into the corresponding 
equation for the second scalar superfield 

B = B + ^ a D^ ) A+^iP 2 D {T)a D t ^ ) B (52) 
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we get one more relation 



Q = B 



3 M D^ a D { J ] B 



4 C + + D Ta Dl l A 2 ' 



(53) 



which proves the equivalence of linear and non- 
linear parameterizations of theory. 

In this connection one should note that after 
imposing the constraint (EtI) all the components 
of the superfield 4>l are expressed through the 
scalar Goldstone superfield of the central charge 
only. This superfield (which we call quasilin- 
ear superfield) is associated with the limit of the 
pure nonlinear realization. From the physical 
point of view the latter describes the models in 
which the mass of the massive mode of supermc- 
mbrane tends to infinity. Thus we see that eq.(47) 
describes the constraint which removes the con- 
tribution of the corresponding degree of freedom 
in this limit in its manifestly covariant and phys- 
ically transparent form. The remarkable feature 
of this constraint is that it together with ( ^5|) au- 
tomatically reproduces the nilpotency constraint 
a Id Rocek and Tseytlin (|l^) . 

3.2. Quasilinear vector supermultiplet 

In the case of a Z?2-brane the situation be- 
comes substantially more complicated because of 
another linear supermultiplet which involves a 
corresponding worldvolume Goldstone superfield 
00. 

Recall that this model is described by a real lin- 
ear superfield satisfying the deformed constraints 



J}W"fll u) lff = 0. 



(54) 



The solution of this constraints can be written in 
the form 



= W + yw 2 , 



(55) 



where W is restricted by ordinary constraints 
with £ = 0. To be able to derive the correspond- 
ing Born-Infcld action we should impose one more 
constraint 



wt = 0, 



(56) 



which as before, allows one to avoid the mas- 
sive degree of freedom. If we would like to know 
what does it mean from the point of view of the 
NR method we must perform the transformations 
(J3q) in the shifted superfield 



Wt(x,T,w) = W S (X,T,U>). 



(57) 



Now let us consider the following Ansatz of quasi- 
linearity 



W((X,T,U!) 



(58) 



which solves exactly the constraint (|56D. Substi- 
tuting Eq. (|5q) into the irrcducibility conditions 
(|54| ) and solving it one discovers 



1 



V a i) a = 0. 



(59) 



Thus we get the Z)2-brane quasilinear superfield 
(|5S|). Note that it differs from the analogous su- 
perfield of the supermembrane ( fi8"| ) not only by 
the sign in the denominator of the highest com- 
ponent F but also because it satisfies essentially 
different constraints. As in the case of superme- 
mbrane this constraint can be rewritten in terms 
of the Goldstone superfield of the underlying LR 
method 



D^ a A n = 0. 



(60) 



The latter follows immediately from eqs. ( |54|) and 
( |55| ) applied to the N = 1 decomposition of the 
superfield W 



W = A 



; a A a 



F. 



(61) 



In eq. ( |6l| ) the component fields A and F are 
chosen to be real. As it was shown in Jlj] the con- 
straint (60) ensures between the supermembrane 
and the Z?2-brane on the level of the correspond- 
ing superfield actions. 

4. Actions 

Now we would like to discuss the problem of 
actions. In the framework of the linear realiza- 
tions the actions for the supermembrane and the 
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D = 2-brane were constructed in However 
the corresponding action for the superfields of the 
nonlinear realization is known only for the case of 
the supermembrane . Having at our disposal 
the quasilinear superfields ( f48|) and ([59]) we can 
get both forms of the actions starting straight- 
forwardly from the underlying actions of the LR 
formulation: 



Ssm = —~ J d 3 xd 2 Td 2 uj w 2 Re<^, 



(62) 



S 



D2 



d 3 xd 2 rd 2 uj uj' z W^. 



Making in ( p2| ) the change of coordinates z = 
{x,t, lo} => z = {.i,f,(D} one gets 

Ssm = -- / d 3 xd 2 fd 2 uj sdet( — )(u> + tp^Refe , 
4 J oz 

S D2 = -\ \ d 3 xd 2 Td 2 u sdet(^|)(w + tpfW^. 

Despite of its complexity Though these actions 
look rather complicated they can be represented 
in a compact explicit form due to a very special 
structure of the quasilinear superfield (Eq) and 



) 



Ssm — 



■- / d 3 xd 2 r 



s 



D2 



d 3 xd' z r- 



(63) 



i - \v^v a ip p • 



Note that in these actions the superfields ip a are 
constrained by the conditions (^9|) and ([39]), re- 
spectively. 

5. Conclusion 

In the present talk we have described the con- 
nection between the linear and nonlinear real- 
izations of models with partially broken global 
N = 2, D = 3 supersymmetry. With the exam- 
ple of the 4D supermembrane and the Z?2-brane 
we have shown that these realizations are canon- 
ically equivalent to each other off the mass shell 
due to the existence of the map transformations 
relating the corresponding Goldstone superfields. 
It is quite evident, however, that this approach is 
not restricted to these canonical models only. It 



can be successfully applied to any PBGS models 
which allow for a superspace formulation. But the 
most essential feature of this approach is that it 
opens a new possibilities of investigation of mod- 
els with partially broken local supersymmetries. 

We hope to consider these problems in detail 
in the framework of the nonlinear realization of 
PBLS gauge theory in forthcoming publications. 

We are indebted to E. Ivanov, S. Krivonos and 
D. Sorokin for asking the questions which led to 
this work. 

REFERENCES 

1. E. Ivanov and S. Krivonos, Phys. Lett. B 453 
(1999) 237. 

2. M. Rocek and A. Tseytlin, Phys. Rev. D 59 
(1999) 106001. 

3. P. Pasti, D. Sorokin and M. Tonin, N ucl. 
Phys. B591 (2000) 109; |hcp-th/001l620| . 

4. D. V. Volkov and V. P. Akulov, JETP Letters 
16 (1972) 438; Phys. Lett. B46 (1973) 109. 

5. V. Ogievetsky and E. Sokatchev, Sov. J. Nucl. 
Phys. (Yadern.Fiz.) 31 (1980) 264, 821; Sov. 
J. Nucl. Phys. (Yadern.Fiz.) 32 (1980) 862, 
870, 1142. 

6. E. Ivanov and A. Kapustnikov, Nucl. Phys. B 
333 (1990) 439. 

7. J. Hughes and J. Polchinski, Nucl. Phys. B 
278 (1986) 147. 

8. A. Achucarro, J. Gauntlett, K. Itho and P.K. 
Townsend, Nucl. Phys. B 314 (1989) 129. 

9. J. Gauntlett, K. Itho and P.K. Townsend, 
Phys. Lett. B 238 (1990) 65. 

10. J. Bagger and A. Galperin, Phys. Lett. B 336 
(1994) 25; Phys. Rev. D 55 (1997) 1091; Phys. 
Lett. B 412 (1997) 296. 

11. J. Bagger and J. Wess, Phys. Lett. B 138 
(1984) 105. 

12. J. Hughes, J. Liu and J. Polchinski, Phys. 
Lett. B 180 (1986) 370. 

13. B. Zupnik, Phys. Lett. B 461 (1999) 203. 

14. E. Ivanov and A. Kapustnikov, J. Physics A 
11 (1978) 2375; J. Physics G 8 (1982) 167; 
Int. J. Mod. Phys. A 7 (1992) 2153. 

15. E. Ivanov and A. Kapustnikov, Phys. Lett. B 
252 (1990) 212. 



